In this paper, we upgrade the mathematical model for pressurized rice cooking developed in our previous work by investigating the boiling and the steam generation process in detail. To understand the physical phenomenon of pressurized rice cooking, we measure the internal pressure by a durable data logger and estimate the valve operation from the driving signals of the stepping motor. To improve the model accuracy based on these data, we focus on the pressurized boiling phenomenon. We show the simulation results to evaluate the effectiveness of the proposed model.
Introduction
In recent years, especially in Japan, high-tech rice cookers are put on the market. They are equipped with induction heating system, variable pressurizing mechanism, ultrasonic vibration to accelerate the water absorption, water vapor recycling system to achieve "steam-less"cooking and other functionalities. In contrast to such hardware evolutions, improvement in software including control technology seems to be limited. Actually, in the rice cooking process, it is still standard to use some kind of pattern control without model. This is because of its distributed-parameter systems/infinite-dimensional systems nature and the difficulty to measure internal states under cooking for identification purpose. However, no doubt the model is useful for advanced model-based control and the recent trend of Model-Based Development [1] in automotive and other industries are quite promising. Since the logic tuning for rice cookers are usually based on the tasting experiments under numerous cooking conditions, the introduction of MBD concept will speed up development time and reduce development costs.
From this viewpoint, we have been trying to develop a mathematical model for the pressurized rice cooking process [2] [3] The cooking process is divided into two parts. The first is the preheating process. Typically it lasts for about 20 minutes. The second part is the boiling and steaming process for about 25 minutes. The target of [2] is the modeling of the preheating process at relatively low temperature range from 20 to 60°C. By using an observer for the obtained LTI model, a soft sensor for internal unmeasurable temperature is configured. The effectiveness is verified via feedback control experiments with the soft sensor. In [3] , the next concern is the modeling of the whole rice cooking process. The physical phenomenon is classified into the following three components; 1) water absorption and gelatinization, 2) Temperature change, 3) Pressure and evaporation. By unifying the models for these components, a mathematical model for the pressurized rice cooking process is derived. Parameter tuning is carried out using measured temperature profiles.
As mentioned previously, steam-less or steam reduced rice cooking is drawing attention of consumer [4] Thus how to reduce the steam while maintaining good cooking condition is one of the important issues and can be solved by precise modeling of the steam generation process. In this paper, we focus on this challenge. To realize the model verification not only from the temperature profiles but also from the pressure profiles, we investigate the problem how to measure the pressure inside the cooker. By monitoring the driving signals of the stepping motor used for the pressure valve operation, we estimate the valve opening accurately. With these data, we improve our numerical model by taking the effect of the changes in heattransfer according to the phase transition. 
Data Acquisition Method
In this section, we summarize the methods of data acquisition during the rice cooking process. Fig. 1 shows a schematic diagram of the rice cooker of our interest. The locations of the sensors and the actuators are also indicated. Fig. 2 The rice cooker of our interest here is equipped with a pressure regulatory system based on the measurement by a built-in pressure sensor 1 . Fig. 3 illustrates the pressure regulator mechanism As shown in Fig. 3 , the steam valve 
Outline of Cooking Process
Fig . 5 illustrates the recorded data of temperatures, pressure and IH power for a typical cooking process. By using these figures, the outline of the process is explained.
Start to Point A
Preheating process for soaking of rice grain. The target temperature of the ingredients is set to about 40°C.
Point A to B
At Point A, Boiling mode starts. When the temperature of the cooking bowl (or pan) reaches to the boiling point (BP) of water, partial boiling occurs at the contact surface. Since the temperature of other part of water is still below the BP, most of water vapor bubbles are cooled into liquid before reaching to the surface. This is called subcooled boiling [5] and pressure rising in this period is relatively small.
Point B to C
The (average) temperature of the ingredients reaches to the BP at Point B and saturated boiling starts. Then the water vapor bubbles rise up from the liquid surface and they increase the pressure of the sealed space [5] . If the pressure exceeds 115 kPa, the regulatory system starts to operate to maintain the pressure at that value.
As it gets close to C, the amount of remaining liquid water becomes small. The drop-off of the heat transfer via vaporization causes rapid increase of the pan temperature. The point where liquid water disappears is called dry-up point.
After Point C Steaming process. While the heat transfer between the pan and water is supposed to be dominant before the dry-up point C, later on, the contact between the pan and rice will be a major source of heat transfer. 
Modeling of Pressurized Rice Cooking Process
As proposed in [3] , the physical phenomenon in terms of the pressurized rice cooking can be divided into three components. In this section, the modeling issues of these components are discussed.
Model for Water Absorption and Gelatinization
The changes of rice starch are triggered by the rise of moisture content. The evolution of water distribution inside rice grains can be regarded as a diffusion process. We employ the model in [6] where starch production for the beer brewing process is considered. While the final product for the beer production is dissolved starch, we are interested in cooked rice. Thus we ignore the dissolution effect treated in [6] . For simplicity, we assume that the shape of a polished rice grain is spherical (though it might be slightly ellipsoidal) and the behaviors of all grains are identical. Then, the water absorption process can be described by the following one-dimensional diffusion equation:
where ϕ(t, r) and D(ϕ) denote the moisture volume fraction at time t and the distance r from the center of the sphere and the diffusion coefficient at ϕ, respectively. The radius of the rice grain at t is denoted by R(t). The initial distribution of ϕ in radial direction is set to be uniform, i.e.,
The boundary condition at the surface is given by a function of the temperature of the ingredient θ i as ϕ(t, R(t)) = ϕ 1 (θ i ). By manipulating (1) using the Leibniz rule, one can obtain the following differential equation for R(t) [3] :
The problem above is classified as one-dimensional, onephase, classical Stefan problem. The Stefan problem is known as a typical free-boundary problem and extensively studied, e.g., [7, 8, 9, 10, 11, 12, 13] Especially in the multi-dimensional cases, it can be difficult to identify the boundary. In our numerical computation, we track the boundary according to equation (3) which calculates the velocity of the boundary based on the mass balance and employ variable grid to compute the distribution by (1) . For the discretization, the central-difference scheme is used in space and an explicit difference approximation is used in time 2 . Let θ g denote the threshold temperature for gelatinization. Provided that θ i exceeds θ g , gelatinization occurs if ϕ goes beyond the threshold ϕ g . For higher temperature, ϕ g becomes small. This dependency is described [14] ). As in [6] , the diffusion coefficient is modeled by an exponential function of ϕ:
The location of the gelatinization front s(t) is determined from the condition ϕ(t, s(t)) = ϕ g (θ i ) numerically (cf. [6] ). The boundary condition is changed after the gelatinization (of the surface), i.e.,
Temperature Model
Though the temperature distributions of the cooker and the ingredients are of infinite-dimensional nature, we approximate it with a lumped-parameter system by specifying representative points of temperature. The variables θ p , θ i , θ l , θ c and θ a represent the selected five temperatures of pan, ingredients (composite of water and rice), inner lid, chassis and ambient air, respectively. Since the boiling temperature of water depends on the inner pressure p(t), we denote it by θ b (p(t))
From the heat balance, the dynamics of θ c is given by
where C c q lc , R ca denote the heat capacity of the chassis, the heat transfer from the lid to the chassis 3 and the thermal resistance between the chassis and the ambient air, respectively.
Similarly, the dynamics for θ l is given by
where q l is the heat taken from the lid by liquefaction of water vapor. It is modeled as
where
. Let q h be the heat supply from the IH and q p (t) := q h (t) − q pi (t) − q pc (t). Then, the heat taken from the pan by subcooled boiling is modeled as
where r sub is the parameter describing the ratio of the heat consumed for subcooled boiling. The dynamics of θ p is governed by the following differential equation:
To obtain the model for θ i , one need the value of the specific heat of rice. According to [17] , we describe the specific heat c r by an affine function of (mass base) water content ratio w(t), i.e., c r (w(t)) = c 0 r +k c w(t). Let n r and V r (t) denote the number of rice grains in the cooker and the total volume of water contained in them, respectively. Then V r (t) is given by
With average water densityρ w , initial mass of rice grains m r (0) and mass change rate of evaporating water during the steaming m v (t), the total mass of rice grains m r (t) is given by
3 The same suffix rule is applied throughout this paper. We omit the notation if no confusion is expected.
Thus w(t) is calculated from
Since the specific heat and the density of water depend on the temperature, we denote them by c w (θ i ) and ρ w (θ i ).
Then the heat capacity of the ingredients C i (t) is given by
where V w denotes the volume of liquid water inside the pan. The heat q pi transfered from the pan is the main source of energy to raise the temperature of the ingredients. In contrast to a simple expression in [3] using thermal resistance, we employ a different model here. To represent the rapid growth of the heat transfer induced by boiling, we introduce the following empirical formula [19] for the heat-transfer coefficient under boiling,
h e (t) = 51 { π 0.23
where p c is the critical pressure and h max is the saturating constant [16] . Note that ∆θ sat is the degree of superheat [5] defined by the temperature difference between the heating surface and the boiling point. Let h n be the heat-transfer coefficient at non-boiling state. To represent the transition from non-boiling to fullboiling states, we introduce the following parameter α:
where θ f is the threshold temperature of full-boiling. Another parameter β is also introduced to describe the transition from boiling to steaming before the dry-up point (V w (t) = 0). Using the threshold water volume V t at which the transition starts, it is defined as
Then q pi is modeled as
where 
where L(θ) is the latent heat of vaporization of water at the temperature θ and m out is the mass flow rate of water vapor going out through the valve. Evaporation after the dry-up point is modeled as m v (t) = R w (θ i − θ b (p)). The heat transfered by this phase transition is computed as
Thus the total heat related to the change of θ i is given by
. (16) When the liquid temperature reaches to the boiling point, no more temperature rise occurs. From the heat balance viewpoint, one can interpret this situation that the excessive heat is used for evaporation. Let us denote this excessive heat by q e . Finally, the dynamics of θ i is given by
In the numerical simulation, the values of θ b (p) L(θ i ) c w (θ i ) and ρ w (θ i ) are determined from linear interpolation of empirical data, e.g., [18] .
Internal Pressure Model
Let us denote the mass change rates of evaporating and liquefying water by m in and m re , respectively. They are calculated by
Then V w in (11) is given by
The mass flow rate of the water vapor going out through the valve is computed by the formula for the convergent nozzle [20] as
where S, κ, ρ 0 and p a denote the cross-sectional area of the nozzle, the specific heat ratio of water vapor, the density of saturated water vapor and the atmospheric pressure, respectively and ξ = max{p a /p(t), 0.528} By combining (18) and (20), the total mass of the water vapor inside the pressure pan is obtained as
The values of m re and m out are saturated to keep m s (t) non-negative. Then by the ideal gas equation, the internal pressure p is given by
where V g , R and θ 0 denote the volume of the hollow between the lid and liquid surface, the gas constant of water vapor and the absolute zero temperature, respectively. The flow of computation and data interaction of three components are depicted in Fig. 6 . 
Water Diffusion

Parameter Tuning
First we perform pressurized water boiling experiment to tune the parameters involved in our temperature and pressure models. The identified paremeters for our numerical simulation are summarized in Tables 1-3 4 . Fig. 7 shows a comparison of temperature between our numerical model and the measurement from the experiment. The temperatures of the pan θ p and the ingredients θ i are well approximated by our model. The temperature of the ingredient reaches to the boiling point at around 1700-1800 sec. The profile of the pressure during the boiling is shown in Fig. 8 . Though the amplitude of the fluctuation caused by the onoff action of the value is rather large in our simulation, the general tendency of the pressure seems to be explained by the numerical model. Table 4 . The simulation results of water absorption and gelatinization model is summerize in Fig. 9 . The top figure shows the transition of water distribution in radial direction of the rice grain. The moisture volume fraction ϕ(·, ·) increases with time from the surface. The right endpoints of the curves move outward as the rice grain expands. The second figure illustrates the time evolution of the radius of the rice grain R and the location of the gelatinized front s. It shows that the gelatinization process is completed around 2200-2300 sec. The third and fourth figures present the amount of water remaining inside the pan and the water content ratio of the rice grain. The computed dry-up point is at about t = 2000 sec. The com- Water content ratio [%] (weight w.b.) Figure 9 . Simulation results on water absorption and gelatinization puted temperature and pressure are shown in Figs. 10 and 11 with the experimental data. As in the case without the rice grains, the temperature estimates nearly fit to the mea-surement data. While the pressure during the steaming process (after t = 2150) is well estimated, the computed value during the boiling is still innacurate. To observe the internal state, we interrupted another cooking process experiment under the same condtion during the boiling period and opened the cooker. Then we found that sticky substance consist of dissolved rice and water is coming up thorough the valve to the top of the inner lid. Thus one of the reason of the discrepancy in pressures may be that such a complex intermediate phenomenon is not considered in our simplified model. 
Conclusion
In this paper, an improvement of the mathematical model for pressurized rice cooking process [3] is attempted. For a better understanding of physical phenomenon happening inside, we introduced a compact pressure logger. Also the driving signals of the stepping motor are monitored to estimate the valve operation accurately. By using these additional data, the models for the boiling and the steam generation are revised. Via numerical simulations, it is verified that the proposed model can explain the cooking process to some extent. We are now working on the subject how to realize better accuracy of the pressure during the boiling mode.
